Introduction
============

Tourette syndrome (TS), recently redefined as Tourette disorder by the *Diagnostic and Statistical Manual of Mental Disorders*, fifth edition,[@b1-ndt-14-3381] is characterized by occurrence of multiple vocal and motor tics over 1 year. This condition was systematically described for the first time in 1885 by Georges Gilles de la Tourette.[@b2-ndt-14-3381] In the majority of patients, typical tics are defined as rapid, recurrent, and involuntary nonrhythmic movements (motor style) or vocalizations (phonic style).[@b1-ndt-14-3381] The epidemiological studies showed that TS has a prevalence rate of 0.4%--1% across different regions with a mean onset age of 6.4 years[@b3-ndt-14-3381],[@b4-ndt-14-3381] and a high incidence and childhood onset in male: the female to male ratio is 1:4.4.[@b5-ndt-14-3381] The majority of patients with TS often present with other comorbidities, including mood and anxiety disorders, attention-deficit/hyperactivity disorder (ADHD), obsessive--compulsive disorder, and other behavioral abnormalities.[@b5-ndt-14-3381],[@b6-ndt-14-3381] Tics are often considered as bothersome and disruptive[@b7-ndt-14-3381] and hence hinder the effective learning and social interactions of TS children indirectly.[@b8-ndt-14-3381] Thus, the effects caused by TS to children or parents such as school problems, anxiety, and depression significantly affect their daily activities.[@b9-ndt-14-3381]

Although malfunction of the cortico-striato-thalamocortical (CSTC) circuit, which is involved in sensorimotor, cognitive, and emotional functions,[@b10-ndt-14-3381] may be involved in the pathophysiological mechanism of TS, the exact mechanism remains unclear.[@b11-ndt-14-3381] Numerous neurotransmitters are involved in the complex interactions in this circuitry, including dopamine (DA), glutamate (GLU), and gamma-aminobutyric acid (GABA). Excessive dopaminergic transmission may cause TS, but this hypothesis cannot fully explain the entire range of clinical characteristics and other abnormalities of neurotransmission observed in TS patients.[@b12-ndt-14-3381] One suggested hypothesis is that if dopaminergic abnormalities occur, other neurotransmitter systems would be affected as well.[@b13-ndt-14-3381] The imbalance between excitatory glutamatergic and inhibitory GABAergic transmissions is thought to alter the development of brain networks and is associated with TS.[@b13-ndt-14-3381]--[@b15-ndt-14-3381] Recently, a study on gene-set analysis proved this hypothesis by showing that altered GLU metabolism led to dysfunction of astrocyte--neuron metabolic coupling (ANMC) in TS.[@b16-ndt-14-3381] The synthesis of glutamate occurs in the cytosol, which is then transported by vesicular glutamate transporters (VGLUTs) to synaptic vesicles for storage, and is released to the synaptic cleft through exocytosis.[@b17-ndt-14-3381] Excessive concentration of this amino acid in the synaptic cleft results in neuronal excitotoxicity.[@b18-ndt-14-3381] To maintain the concentration of GLU below the excitotoxic level, GLU in the synaptic cleft is recycled by excitatory amino acid transporters (EAATs) located in neurons and glia cells.[@b13-ndt-14-3381],[@b17-ndt-14-3381] Within glial cells, glutamate is catabolized to glutamine, translocated into neurons, and metabolized back to glutamate and taken up by VGLUTs into synaptic vesicles ([Figure 1](#f1-ndt-14-3381){ref-type="fig"}).[@b17-ndt-14-3381],[@b19-ndt-14-3381] During the recycling of GLU, glutamate transporters play the role of maintaining the extracellular GLU level in the normal concentration. Hence, dysfunctional transporters may result in high GLU levels in the synaptic cleft causing aberrant excitatory transmission and synaptic plasticity that contribute to behavioral disorders such as tics. Yet, whether glutamate transporters (VGLUTs and EAATs) are involved in the pathophysiological process of TS is unclear and needs to be further explored.

Traditional Chinese medicine (TCM) classic prescription "Xie Qing Wan" was first described by the Chinese ancient pediatrician Qian Yi from "Key to Therapeutic of Children's Disease" in Song dynasty (AD 1114). Jian-Pi-Zhi-Dong-Decoction (JPZDD) was evolved from "Xie Qing Wan", which was recorded to treat the symptom of eye blinking, one of the main symptoms of TS. JPZDD had been used to treat TS for decades, which possesses anti-tic properties as reported in clinical[@b20-ndt-14-3381] and animal studies.[@b21-ndt-14-3381],[@b22-ndt-14-3381] Previously, microdialysis revealed that the basal striatal level of GLU increased in a rat model of TS, which decreased after JPZDD treatment.[@b23-ndt-14-3381] Whether JPZDD exerts anti-tics pharmacological effects by reducing the GLU level through glutamate transporters is not known. Hence, the goal of the present study was to explore the effect of JPZDD on the glutamate system in a TS rat model, including the level of glutamate neurotransmitter and expression of its transporters. The GLU level and expression of glutamate transporters EAAT1 and VGLUT1 were detected using high-performance liquid chromatography (HPLC), quantitative real-time PCR (qRT-PCR), and laser scanning confocal microscopy (LSCM).

Materials and methods
=====================

Preparation of JPZDD granules
-----------------------------

The JPZDD formulation comprise 10 different herbs used in Chinese medicines;[@b21-ndt-14-3381],[@b23-ndt-14-3381] the specific ingredients and dosages of JPZDD are as follows: *Pseudostellaria heterophylla* 10 g, *Atractylodes macrocephala* Koidz 10 g, *Poria cocos* Wolf 10 g, *Angelica sinensis* Diels 10 g, *Uncaria rhynchopylla* Jacks 10 g, *Pinellia ternata* Breit 6 g, *Citrus reticulata* Blanco 6 g, *Saposhnikovia divaricata* Schischk 6 g, *Ligusticum chuanxiong* Hort 6 g, and *Gentiana scabra* Bge 3 g. According to our previous studies,[@b21-ndt-14-3381],[@b22-ndt-14-3381] the herb extracts were obtained from the Pharmaceutical Preparation Section of Dongfang Hospital affiliated to Beijing University of Chinese Medicine to maintain quality consistency. The JPZDD granules were prepared as follows: herbs were decocted with distilled water for 2 hours after soaking for 1 hour at room temperature. Thereafter, a vacuum desiccator was used to condense and dry the filtrate at 60°C. Analysis of the granules obtained was performed by infrared fingerprint, and comparison against the standards was done to ensure the desired quality of ≥90%. After that, they were packaged into granules using the technology of Chinese medicine formula and stored at room temperature. The granules were dissolved in pure water (50 mL) using a magnetic stirring apparatus and then kept at 4°C refrigerator for use.

Animal experiments
------------------

A total of 56 healthy male Sprague Dawley rats (SPF grade) weighting 40--60 g were obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China; No SCXK 2012--0001). All rats were housed under the following conditions: relative humidity (35%±5%), a stable temperature (21°C±1°C), and a 12-hour light/dark cycle environment with free access to food and water. This study was approved by the animal ethics committee of Dongzhimen Hospital of Beijing University of Chinese Medicine. All rats were handled in accordance with the Animal Management Rules of the Chinese Ministry of Health. All animals were acclimatized for 1 week before experiments. Initially, 14 rats were assigned to the control group and 42 rats were assigned to the TS group by random number table. In the control group, rats were injected intraperitoneally with 0.9% sodium chloride (NS) at a dose of 15 mL/kg. In the TS group, rats were administrated through intraperitoneal injection with 3,3′-iminodipropionitrile (IDPN; 317306; Sigma-Aldrich Co., St Louis, MO, USA, USA) with a dosage of 250 mg/(kg⋅d) for 7 consecutive days. Based on the behavioral evaluation using the grades of stereotype as described in previous studies,[@b21-ndt-14-3381],[@b22-ndt-14-3381] rats that met the TS criteria were subsequently allocated into three groups: model (n=14), JPZDD (n=14), and tiapride (Tia; n=14). Rats in the model and control groups were gavaged with 0.9% NS (10 mL/kg), those in the JPZDD group with JPZDD (16 g/kg), and those in the Tia group with Tia (21 mg/kg), which was purchased from Jiangsu Nhwa Pharmaceutical Co., Ltd. (Xuzhou, China). In all groups, administration of drugs was performed once per day for 6 weeks consecutively.

Assessment of rats' behavior
----------------------------

### Stereotypy recording

Stereotyped behavior scores of rats were recorded by two skilled independent examiners who were blinded to the allocation of groups. According to the evaluation criteria of stereotypy,[@b21-ndt-14-3381] each rat was assessed for 2 minutes each week. The scores were averaged and used for statistical analysis.

### Autonomic activity test

Assessment of autonomic activity of rats was performed using the spontaneous activity video analysis system (Shanghai Jixing Software Technology, Shanghai, China), which automatically recorded the motion trial of rats through four activity boxes. The sequence of testing of the rats was random. The environment of the activity box was shade and quiet. Prior to recording, rats were allowed 3 minutes to acclimatize and stabilize to the recoding conditions, and then, recording was done for 5 minutes. The total distance of spontaneous activity in each rat was automatically collected to determine the autonomic activity as the objective indicator.

HPLC analysis
-------------

Cerebral tissue from four experimental groups (n=8 each group) was homogenized by electric homogenizer in 0.35 mL ice-cold working buffer (a fluid containing a mixture of *o*-phthalaldehyde 27 mg, anhydrous ethanol 1 mL, borate buffer 9 mL, and β-mercaptoethanol 5 µL). Supernatants were obtained by centrifugation of the homogenates at 14,000× *g* for 15 minutes, filtration using the centrifugal clarifier (Spin-X, 0.22 µm; Corning Incorporated, Corning, NY, USA) at 7,000 rpm, and diluting 10-folds by 0.05 M perchloric acid to form the final test samples (20 µL in each sample). The concentration of GLU in the striatum was detected by HPLC (Model 5600A Coularray Detector-8; ESA Inc, Chelmsford, MA, USA) using the following detecting conditions: the pre-column (Capcell C18 MG S-5, 4.0×10 mm; Shiseido Co., Ltd, Tokyo, Japan) and chromatographic column (Part\#186000598, 3.0×50 mm, 2.5 µm; XTerra; Waters Corporation, Milford, MA, USA). The mobile phase consisted of 100 mM sodium hydrogen phosphate, 25% methyl alcohol, 10% acetonitrile, and phosphoric acid, which was used to adjust pH value to 6.70. The flow velocity was 0.6 mL/min, the column temperature was 40°C, and the electric potentials were set as 150 and 550 mV. The relative concentration of GLU was automatically calculated by the ESA software.

Laser scanning confocal microscope (LSCM) analysis
--------------------------------------------------

After 6 weeks of treatment, six rats from each group were sacrificed under the state of anesthesia by injection of 3.5% chloral hydrate (10 mL/kg, intraperitoneal). Subsequently, the global brains were fixed in 4% paraformaldehyde for 24 hours, dehydrated by 30% sucrose for 24 hours, and cut into 30-µm-thick frozen sections by a refrigerated microtome (CM1900; Leica Microsystems, Wetzlar, Germany). The sections were immersed in boiling citrate buffer (15 minutes) for antigen retrieval and then in the PBST medium at room temperature (30 minutes) to improve permeability. Next, they were blocked with a nonspecific antibody in 5% goat serum (ZLI-9021; Zsbio, Beijing, China) for 2 hours and then incubated overnight at 4°C with rabbit anti-Rat VGLUT1 (1:80, ab104898; Abcam, Cambridge, UK) mixed with mouse anti-rabbit Tau46 (1:80, 4019; Cell Signaling Technology, Inc., Danvers, MA, USA) and rabbit anti-Rat EAAT1 (1:80, ab416; Abcam mixed with mouse anti-rabbit GFAP (1:80, MAB360; EMD Millipore, Billerica, MA, USA) diluted in goat serum (ZLI-9021; Zsbio). After that, the sections were processed with fluorescent secondary antibodies at room temperature for 1 hour: rhodamine (TRITC)-conjugated goat anti-mouse IgG (H+L; 1:100, ZF-0313; Zsbio) and fluorescein (FITC)-conjugated goat anti-rabbit IgG (H+L; 1:100, ZF-0311; Zsbio). The DAPI solution was used to stain the nucleus in the tissue sections. Following coloration, the sections were mounted by Fluoromount-G™ (36307ES08; Shanghai Yeasen Biotechnology Co., Ltd., Shanghai, China) and stored at 4°C for microscopic examination. The laser scanning confocal microscope (FV1200; Olympus Corporation, Tokyo, Japan) was used for image recording and analysis of the sections.

qRT-PCR
-------

Striatal tissues (n=8 in each group) were used to extract total RNA using the Ultrapure RNA Kit (CW0581; Cwbio, Beijing, China), which utilizes the modified TRIzon method by use of centrifugal spin columns. Agarose gel electrophoresis and a spectrophotometer (260/280 ratio; Nanogrop 2000; Thermo Fisher Scientific, Waltham, MA, USA) were used to determine the quality and quantity of the isolated RNA. The HiFi-MMLV cDNA Kit (CW0744; CWBio) was applied to synthesize first-strand cDNA at the following conditions: 42°C for 50 minutes and 85°C for 5 minutes. In all, 20 µL of the cDNA was amplified by PCR using the UltraSYBR Mixture kit (CW0957; CWBio) based on the following procedure: first step at 95°C for 10 minutes, second step at 95°C for 15 seconds, and third step at 60°C for 60 seconds (total 45 cycles). All primers were procured from Sangon Biotech (Shanghai, China): EAAT1 (forward 5′-GCCATCATGAGATTGGTAGCGGT-3′, reverse 5′-GGAAGTAGAGGAGAGGCAGGACGA-3′), VGLUT1 (forward 5′-CCTTCAGCAGCCCGTGT-3′, reverse 5′-GCCAGCCGACTCCGTTC-3′), and GADPH (forward 5′-TGGAGTCTACTACTGGCGTCTT-3′, reverse 5′-TGTCATATTTCTCGTGGTTCA-3′). The PCR experiments were carried out in Real-Time PCR System (ABI7500; Thermo Fisher Scientific), and assessment of mRNA levels was determined by the $2^{- \Delta\Delta C_{t}}$ method.

Statistical analyses
--------------------

Data analysis was performed using IBM SPSS 20.0 software. All values were presented as mean±SD, and differences between groups were tested using one-way ANOVA with the Dunnett's post hoc test after determining the normal distribution (Kolmogorov--Smirnov test) and homogeneity for variance (Levene's test) or independent-samples Kruskal--Wallis test when equal variance was not assumed. Differences were considered to be statistically significant when *P* was \<0.05.

Results
=======

Comparison of stereotypy scores after treatment
-----------------------------------------------

Compared to the control group intervened with normal saline, administration of IDPN for 7 days elicited a significant stereotyped behavior in the model, JPZDD, and Tia groups, which were not statistically significant before treatment. The stereotypy score in Tia and JPZDD groups gradually decreased during the treatment process, but the stereotypy score in the model group remained at a high level. As shown in [Figure 2](#f2-ndt-14-3381){ref-type="fig"}, after 6 weeks of treatment, the levels of stereotyped behavior were remarkedly decreased in the Tia group (*P*=0.000\<0.05) and JPZDD group (*P*=0.000\<0.05) as compared to the model group (df=2, *F*-value=39.608, *P*-value=0.000), but they were not statistically significant in the Tia and JPZDD groups (*P*=0.386\>0.05).

Comparison of autonomic activity after treatment
------------------------------------------------

Administration of IDPN for 7 days elicited a marked increase in the total distance of autonomic activity in the TS groups (model, Tia, and JPZDD groups) as compared with the control group (*P*\<0.05). Prolonged treatment gradually attenuated the total distance of autonomic activity only in JPZDD and Tia groups but not in the model group. After 6 weeks of intervention, the total distance of autonomic activity in the JPZDD group (17.9±7.7 m, *P*=0.000\<0.05) and Tia group (19.1±8.3 m, *P*=0.000\<0.05) was remarkably reduced relative to that in the model group (34.0±5.1 m; df=3, *F*-value=30.592, *P*-value=0.000). However, the difference between the JPZDD and Tia groups was not significant (*P*=0.615\>0.05; [Figure 3](#f3-ndt-14-3381){ref-type="fig"}).

Comparison of GLU level in the striatum using HPLC
--------------------------------------------------

The concentration of GLU was notably higher in the model group (21.68±2.64 µg/mL) than in the control group (18.71±3.10 µg/mL, *P*=0.016\<0.05). However, the concentration of GLU was markedly reduced following JPZDD (18.37±1.57 µg/mL, *P*=0.008\<0.01) or Tia (16.10±1.62 µg/mL, *P*=0.000\<0.01) treatment relative to that in the model group (df=3, *F*-value=7.762, *P*-value=0.001; [Figure 4](#f4-ndt-14-3381){ref-type="fig"}).

The expression of EAAT1 and VGLUT1 by LSCM analysis
---------------------------------------------------

As shown in [Figure 5A](#f5-ndt-14-3381){ref-type="fig"}, the protein expression of EAAT1 was represented by a green fluorescence, while the expression of glial cells labeled with GFAP was represented by a red fluorescence. Co-expression of EAAT1 and glial cells was represented with a yellow fluorescence. The relative fluorescence intensity (FI) is often used to indicate alterations in the expression of various proteins. As depicted in [Figure 5B](#f5-ndt-14-3381){ref-type="fig"}, the FI of EAAT1 in the model group was obviously reduced as compared to that in the control group (*P*=0.000\<0.05) but increased remarkably after 6 weeks of treatment in Tia (*P*=0.044\<0.05) and JPZDD (*P*=0.024\<0.05) groups when compared with that in the model group (df=3, *F*-value=12.688, *P*-value=0.000).

As shown in [Figure 6A](#f6-ndt-14-3381){ref-type="fig"}, the protein expression of VGLUT1 was represented by a green fluorescence, while the expression of axon cells labeled with Tau46 was represented by a red fluorescence. The intensity of yellow fluorescence for VGLUT1 and axon cells was little, implying low co-expression. As depicted in [Figure 6B](#f6-ndt-14-3381){ref-type="fig"}, the FI of VGLUT1 in the model group was significantly increased relative to that in the control group (*P*=0.000\<0.05). However, the FI of VGLUT1 in the JPZDD (*P*=0.000\<0.05) and Tia (*P*=0.001\<0.05) groups was markedly lower than that in the model group (df=3, *F*-value=11.394, *P*-value=0.000).

The mRNA expression of EAAT1 and VGLUT1 after treatment
-------------------------------------------------------

The mRNA expression of EAAT1 was lower in the model group than that in the control group (*P*=0.000\<0.05). However, the EAAT1 mRNA level dramatically increased after treatment with JPZDD (*P*=0.033\<0.05) or Tia (*P*=0.020\<0.05) when compared with that in the model group (df=3, *F*-value=5.609, *P*-value=0.004). On the other hand, the mRNA expression of VGLUT1 was higher in the model group than that in the control group, although it was not statistically significant (*P*=0.608\>0.05). The mRNA level of VGLUT1 in JPZDD (*P*=0.813\>0.05) and Tia (*P*=0.641\>0.05) groups did not significantly differ from that in the model group (df=3, *F*-value=0.114, *P*-value=0.951), although its expression level decreased in the two treatment groups ([Figure 7](#f7-ndt-14-3381){ref-type="fig"}).

Discussion
==========

The pivotal relation between dysfunctional metabolism of synaptic neurotransmission in the CSTC circuitry[@b24-ndt-14-3381] and the pathogenesis of TS has always been the hotspot of research, and a recent study found that TS patients exhibit an abnormality in the metabolites of glutamate-related neurotransmission,[@b25-ndt-14-3381] but only few studies have examined the aberrant expression of glutamate transporters in TS. Thus, the goal of the present study was to explore the influence of the GLU system on the pathophysiological development of TS, including the level of glutamate neurotransmitter and expression of its transporters after pharmaceutical intervention.

The choice of animal model is an important factor in the study of the pathogenesis of diseases and for exploring new therapeutic targets to improve the treatment of patients.[@b26-ndt-14-3381] In this study, a TS rat model was developed by intraperitoneal injection with IDPN to produce a stable stereotyped behavior, as described previously.[@b27-ndt-14-3381]--[@b29-ndt-14-3381] The severity of tics was evaluated and categorized into 5-point scales ranging from normal activity to the most severe stereotypy.[@b21-ndt-14-3381] The total distance of autonomic activity recorded by the spontaneous activity video system was used to objectively reflect the excitability of rats. Our results showed that the model and treatment groups (JPZDD and Tia) had similar stereotyped scores after injection of IDPN for 7 consecutive days. After 6 weeks of treatment, the stereotyped score was significantly reduced in Tia and JPZDD groups relative to that in the model group. Meanwhile, after administration of IDPN for 7 days, the total distance of rats' autonomic activity was longer than that of the control group. After gavaging with JPZDD and Tia for 6 weeks, the total distance of autonomic activity in the Tia and JPZDD groups decreased compared to that in the model group, which showed no significant change.

Since it is a predominant excitatory neurotransmitter of the brain, GLU plays a major role in both neuroplasticity (normal function) and excitotoxicity (abnormal function).[@b30-ndt-14-3381] In the central nervous system, glutamate excitotoxicity is associated with chronic neurodegenerative and behavioral disorders such as Parkinson's disease, amyotrophic lateral sclerosis (ALS),[@b31-ndt-14-3381] and schizophrenia.[@b32-ndt-14-3381] However, unlike the pathological role of glutamate in the degenerative diseases such as Parkinson and ALS mentioned earlier, the explicit mechanism of glutamate in the pathogenesis of TS needs to be further explored because of TS not a degenerative disease.[@b33-ndt-14-3381] HPLC is a chromatographic technique that is used to separate, identify, and quantify constituents of a biological sample such as amino acids.[@b34-ndt-14-3381],[@b35-ndt-14-3381] The results of HPLC assay showed that the content of GLU in the corpus striatum was elevated in the model group relative to that in the control group. Furthermore, we found that treatment with JPZDD and Tia for 6 weeks could remarkably decrease the expression level of GLU. The in vitro experimental results of GLU expression were consistent with our previous findings from a microdialysis study in vivo.[@b23-ndt-14-3381] One clinical study found that the serum concentration of glutamate in TS patients was elevated, which suggests that glutamate may be associated with the progress of TS.[@b36-ndt-14-3381] The present study confirmed that a high expression of GLU was involved in the pathophysiological process of TS and intervention with JPZDD and Tia restored the normal GLU level.

The concentration of GLU in the synaptic cleft is regulated by EAATs that increase GLU reuptake and VGLUTs that mediate the exocytotic release of GLU.[@b37-ndt-14-3381] Abnormalities in expression of EAATs and VGLUTs lead to abnormal clearance of extracellular GLU, which results in GLU accumulation in the synaptic space, and further activation of glutamate receptors and excitatory transmission through downstream signaling, which culminates in neuropsychiatric disorders.[@b38-ndt-14-3381],[@b39-ndt-14-3381] The modern laser scanning confocal microscope is widely used to detect multiple fluorophores simultaneously and for data analysis.[@b40-ndt-14-3381] Our results showed that EAAT1 was highly co-expressed with glial cells labeled with GFAP, which is consistent with results of a previous study.[@b41-ndt-14-3381] VGLUT1 was weakly co-expressed with axonal cells labeled with Tau46, and this is likely caused by the predominant expression of VGLUT1 in the presynaptic membranes[@b42-ndt-14-3381] that represent a small part of the axonal cells labeled with Tau46. In comparison with the control group, the relative FI of EAAT1 in the model group was markedly decreased, and this effect was reversed following treatment with JPZDD and Tia. The FI level of VGLUT1 in the model group was notably higher than that in the control group, but it was reduced following the treatment with Tia and JPZDD. Real-time PCR is a highly sensitivity and specificity technique used to measure RNA expression levels.[@b43-ndt-14-3381] Here, we found that mRNA level of EAAT1 was significantly reduced in rats 6 weeks after IDPN injection; JPZDD and Tia treatments could remarkably increase its expression. Similar results were observed in the protein expression of EAAT1 as detected by LSCM. The mRNA expression of VGLUT1 was not significantly different among the groups, although its mRNA level was elevated in the model group. Treatment with JPZDD and Tia decreased VGLUT1 expression at the protein level although its mRNA levels were not different among the groups.

EAAT1 is a member of glutamate transporters family that was first cloned in 1992,[@b44-ndt-14-3381] which functions as a glial transporter that regulates glutamate reuptake from the synaptic cleft.[@b45-ndt-14-3381] Dysfunctional EAATs cause abnormal excitatory synaptic transmission and neuronal excitotoxicity, which are implicated in many neurodegenerative and neurological diseases.[@b46-ndt-14-3381] Evidence from previous genome scans links TS to 5p13, a region that encodes the glial GLU transporter gene 1 (SLCA13/EAAT1).[@b47-ndt-14-3381],[@b48-ndt-14-3381] A recent study demonstrated that various types of EAAT1 knockout models mimic many aspects of the behavioral abnormalities such as schizophrenia, obsessive-compulsive disorders, autism, epilepsy, and addiction.[@b49-ndt-14-3381] The present study found that EAAT1 was highly co-expressed with the glial cells. Hence, dysfunction of EAAT1 may explain the high level of GLU in the TS model. In this study, the high mRNA and protein expression of EAAT1 led to decreased GLU levels in the treatment groups (JPZDD and Tia). On the other hand, VGLUT1 (a small family of VGLUTs) regulates transmitter release probability, synaptic plasticity, and reserved pool of vesicles.[@b50-ndt-14-3381],[@b51-ndt-14-3381] Dysfunction in VGLUT1 has been reported in some neurodegenerative and neurological diseases with classic excitatory symptoms, such as Parkinson's disease[@b52-ndt-14-3381] and schizophrenia.[@b53-ndt-14-3381] However, whether VGLUT1 participates in the pathological mechanism of TS is still unclear. The present study confirmed that the protein expression of VGLUT1 was remarkably elevated in the TS rat model, and it was reduced after therapeutic interventions (JPZDD and Tia) for 6 weeks. The mRNA expression of VGLUT1 showed a similar trend with protein levels, although there was no statistical significance among the groups. Increased expression of VGLUT1 raised the concentration of GLU in synaptic vesicles and its release into the synaptic cleft through exocytosis, leading to a high concentration of GLU in the striatum.

The hypothesis of a dysregulated dopaminergic system in the pathophysiology of TS is based on clinical evidence that antagonism of the DA system improves tics.[@b25-ndt-14-3381] Therefore, DA antagonists such as the selective D2R antagonist Tia was recommended as a first-line treatment of TS in Europe.[@b54-ndt-14-3381] Meanwhile, a widespread interaction between DA and GLU systems has been reported. A recent study showed that intraventricular injection of DA increased the GLU levels in the brain of rats using cerebral microdialysis,[@b55-ndt-14-3381] whereas glutamate antagonist (phencyclidine) caused schizophrenia-related behavioral deficits due to DA release.[@b56-ndt-14-3381] Our findings demonstrated that Tia treatment downregulated the level of GLU in TS rats, but whether it regulates the GLU system directly or influences the DA system to improve glutamate metabolism is a question that needs to be further verified.

JPZDD is a TCM that was found to possess curative effects and good safety in TS.[@b20-ndt-14-3381] Although there was no difference in efficacy between JPZDD and Tia, JPZDD was also an alternative treatment for TS patients who were intolerant with Tia or other oral medicines because of relevant side effects, such as extrapyramidal symptoms, drowsiness, and hyperprolactinemia. Consistent with our previous studies,[@b21-ndt-14-3381]--[@b23-ndt-14-3381] this study further revealed the anti-tics effects of JPZDD on IDPN-induced TS in rats. The present results confirmed that JPZDD decreased GLU concentration in the striatum of TS rats, which was consistent with previous findings using a microdialysis technique in vivo.[@b23-ndt-14-3381] This is likely due to the upregulation of EAAT1 and downregulation of VGLUT1 expression, hence normalizing the transportation of GLU. However, there are some limitations to this study. First, only EAAT1 and VGLUT1 were investigated in this study, but the role of other members of EAATs and VGLUTs in TS was not investigated. Second, JPZDD improved the transportation of GLU, but we did not explore whether it affects the GLU receptors and its downstream signal transduction pathways. These questions need to be answered in further studies.

Conclusion
==========

Abnormal expression of EAAT1 and VGLUT1 disrupted GLU concentration, transportation, and metabolism, resulting in excessive accumulation of GLU in the synaptic cleft, which in turn induced glutamate excitotoxicity and plays a role in the physiopathological mechanism of TS. The mechanism by which JPZDD alleviated behavioral dysfunction of TS rats may be associated with maintaining normal GLU transport by upregulating EAAT1 and downregulating VGLUT1 in the striatum.
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![Simple diagram of glutamate transport.\
**Notes:** GLU released by vesicular exocytosis is uptaken from synaptic cleft by EAAT1, which is metabolized to GLN through the action of glutamate synthase. GLN then is transported back into neurons, converted to GLU through the action of glutaminase, and sequestered into synaptic vesicles by VGLUT1.\
**Abbreviations:** EAAT1, excitatory amino acid transporter 1; GLN, glutamine; GLU, glutamate; VGLUT1, vesicular glutamate transporter 1.](ndt-14-3381Fig1){#f1-ndt-14-3381}

![Comparison of stereotypy scores after treatment.\
**Notes:** (**A**) A randomized screenshot from a complete video recording showing the stereotyped behavior of TS rats, which was assessed by two independent trained observers. (**B**) Comparison of stereotypy scores after JPZDD and Tia treatments (n=14). The 0 point on the x-axis represents the time of establishment of the TS model, while 1--6 points stand for the number of weeks of treatment. ^\*^*P*\<0.05, Tia group vs model group; ^∆^*P*\<0.05, JPZDD group vs model group.\
**Abbreviations:** JPZDD, Jian-Pi-Zhi-Dong-Decoction; Tia, tiapride; TS, Tourette syndrome.](ndt-14-3381Fig2){#f2-ndt-14-3381}

![Comparison of autonomic activity after treatment.\
**Notes:** (**A**) A randomized screenshot from one complete video data from two independent test boxes showing the evaluation process of autonomic activity in SD rats, in which the total distance of autonomic activity was recorded according to its movements. (**B**) Comparison of autonomic activity after JPZDD and Tia treatments (n=14). The 0 point on the x-axis stands for the time of establishment of the TS model, while 1--6 points stand for the number of weeks of treatment. *P*\<0.05, control group vs model group; ^∆^*P*\<0.05, JPZDD group vs model group; ^\*^*P*\<0.05, Tia group vs model group.\
**Abbreviations:** JPZDD, Jian-Pi-Zhi-Dong-Decoction; SD, Sprague Dawley; Tia, tiapride; TS, Tourette syndrome.](ndt-14-3381Fig3){#f3-ndt-14-3381}

![Comparison of GLU level in the striatum.\
**Notes:** (**A**) HPLC analysis of amino acids in the striatum: GLU, Gln, Gly, Tau, and GABA appeared in that order. (**B**) Comparison of glutamate concentration in the striatum after JPZDD and Tia treatments (n=8). *P*\<0.05, control group vs model group; ^\#^*P*\<0.01, JPZDD or Tia group vs model group.\
**Abbreviations:** FI, fluorescence intensity; GABA, γ-aminobutyric acid; Gln, glutamine; Gly, glycine; GLU, glutamate; HPLC, high-performance liquid chromatography; JPZDD, Jian-Pi-Zhi-Dong-Decoction; Tau, taurine; Tia, tiapride.](ndt-14-3381Fig4){#f4-ndt-14-3381}

![The expression of EAAT1 as determined by LSCM.\
**Notes:** (**A**) Co-expression of EAAT1 and GFAP. (a) Positive EAAT1 staining with green fluorescence. (b) Glial cells labeled with GFAP (red fluorescence). (c) High co-expression of EAAT1 and glial cells showing a yellow color (white arrow) in a fixed region of interest (10×60 µm). (**B**) Expression of EAAT1 in the striatum after JPZDD and Tia treatment (n=6). Positive fluorescence of EAAT1 labeled with a green color. In the mixed picture, (a) to (d) represent the control, model, Tia, and JPZDD groups, respectively. *P*\<0.05, control group vs model group; ^\*^*P*\<0.05, JPZDD group or Tia group vs model group.\
**Abbreviations:** EAAT1, excitatory amino acid transporter 1; FI, fluorescence intensity; JPZDD, Jian-Pi-Zhi-Dong-Decoction; LSCM, laser scanning confocal microscopy; Tia, tiapride.](ndt-14-3381Fig5){#f5-ndt-14-3381}

![The expression of VGLUT1 as determined by LSCM.\
**Notes:** (**A**) Co-expression of VGLUT1 and Tau46. (a) VGLUT1 expression showing a green fluorescence. (b) Axon cells labeled with Tau46 showing a red fluorescence. (c) Low co-expression of VGLUT1 with axon cells observed as a yellow color (white arrow) in a fixed region of interest (10×60 µm). (**B**) Expression of VGLUT1 in the striatum after JPZDD and Tia treatment (n=6). Positive fluorescence of VGLUT1 expression showing a green color. In the mixed picture, (a) to (d) stand for the control, model, Tia, and JPZDD groups, respectively. *P*\<0.05, control group vs model group; ^\*^*P*\<0.05, JPZDD group or Tia group vs model group.\
**Abbreviations:** FI, fluorescence intensity; JPZDD, Jian-Pi-Zhi-Dong-Decoction; LSCM, laser scanning confocal microscopy; Tia, tiapride; VGLUT1, vesicular glutamate transporter 1.](ndt-14-3381Fig6){#f6-ndt-14-3381}

![The mRNA expression of EAAT1 and VGLUT1 after treatment.\
**Notes:** (**A**) Comparison of mRNA expression of EAAT1 after JPZDD and Tia treatments (n=8). (**B**) Comparison of mRNA expression of VGLUT1 after JPZDD and Tia treatments (n=8). *P*\<0.05, control group vs model group; ^\*^*P*\<0.05, JPZDD group or Tia group vs model group.\
**Abbreviations:** EAAT1, excitatory amino acid transporter 1; JPZDD, Jian-Pi-Zhi-Dong-Decoction; Tia, tiapride; VGLUT1, vesicular glutamate transporter 1.](ndt-14-3381Fig7){#f7-ndt-14-3381}
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